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Abstract 
A single-detector technique for the measurement of negative ion time-of-flight spectra is introduced in this work. Spectra 

are presented for 390 keV Xe 44f ions at normal incidence on different samples. Mass distributions for C, and Si,O, 
clusters indicate that highly charged ions lead to a statistical off-surface formation of heavy clusters, whereas low-energy 
singly-charged ions may directly produce heavy carbon clusters. The detection technique has proven to be very efficient and 
might even be used as a nearly non-destructive surface-analysis method for investigations of time dependent surface 
modifications. 

1. Introduction 

The ion-induced sputtering process has been investi- 
gated for one and a half century [l] and systematic studies 
of the projectile dependence started about one century ago 
[2]. The dependence of the total sputtering yield on the 
incident energy, dose and entrance angle of the (in most 
cases) singly charged projectile have been determined for a 

variety of projectile-target systems (for a review see Refs. 
[3,4]). The charge-state fractions, angular distributions and 
energy spectra of sputtered ions as well as the target-tem- 

perature dependence, have also been investigated [3,5-81. 
The large body of experimental and theoretical works for 

singly charged projectiles suggests a distinction between 
(isolated) nuclear, thermal and electronic sputtering mech- 
anisms. In the GiSe of nuclear sputtering, a sequence of 

isolated (independent) binary atom-atom collisions leads 
to an ejection of (mainly) surface atoms [9-131. Under this 
condition and some other model assumptions, such as the 

independence of the atom transport on the atom/surface 
distance, simple equations for the total as well as differen- 
tial sputtering yields could be derived from the Boltzmann 

transport equation [ 121. 
If the density of the collision cascades exceeds a certain 

limit, nearly all atoms in a volume element are set in 
motion and non-linear effects come into play. These so- 
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called thermal spikes or collision spikes are found for 
heavy projectiles or molecular ions interacting with heavy 
target atoms at energies somewhat below the nuclear stop- 
ping power maximum [14,4]. Thermal spikes may simply 
be viewed as a local melting of the substrate. The corre- 
sponding phase transitions have been identified in molecu- 
lar-dynamics simulations [ 151. 

Contrarily, light projectiles (electrons, protons or even 

photons) may induce particle ejection via electronic pro- 
cesses (for a review on electronic desorption see Ref. 1161). 
Quite often, such electronic processes depend critically on 

details of the target structure [16] and especially for insula- 
tors strong non-linear effects at low doses have been found 
[4]. However, especially for highly charged incident ions 
non-linear electronic effects are expected to influence the 

sputtering yields [17,18], since the potential energy of 
these ions can exceed their kinetic energy and many 
electronic transition probabilities are expected to scale 
with the squared projectile charge. Only a few pioneering 
experiments have been performed with these ions and no 
consistent picture of the corresponding sputtering mecha- 
nisms has evolved so far [18-201. 

In this work we describe an experimental technique that 
may be used to investigate mass spectra of negative ions 
and clusters (for a review on cluster sputtering see Ref. 
[21]). It is believed that such measurements are more 
sensitive to specific sputtering mechanisms than investiga- 
tions of integral sputtering yields. Mass distributions for 
C, and Si,O, clusters are presented and discussed with 
special emphasis on cluster production mechanisms. 
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2. Experimental method 

The aim of this work was to build up an ion mass- 
analyzer system that enables an efficient detection of 
sputtered ions and eventually could be used to investigate 

the initial velocity distribution of sputtered ions. Because 
highly-charged heavy ions shall be used in subsequent 
works, we have to deal with very low currents of incident 
ions. 

For highly charged light ions, e.g. Ne”+, or heavy ions 

at intermediate charge states, electron cyclotron-resonance 
(ECR) sources are probably the best choice. Similar charge 
state are also produced with recoil-ion sources, but the 
currents are quite low in this case. Slow heavy ions of the 

highest charge states may be extracted from an electron- 
beam ion trap (EBIT) 1221. Here we have to deal with low 
DC ion “currents” on the order of about 1000 ions per 
second (typically up to Xe5’+ or U8’+). All results pre- 
sented in this work have been obtained at the Livermore 
EBIT source. 

Low-energy ions are mass analyzed usually with mag- 
netic spectrometers, e.g. quadrupole mass-spectrometers, 

or time-of-flight (TOF) analyzers. We decided to build an 
ion time-of-flight analyzer, since this method combines 
high efficiency with simultaneous detection of different 
ionic species. Hence, this method is well suited for low ion 
currents. In the case of DC ion beams, however, a start 
signal is needed for the TOF analysis. This signal should 
be independent of the nature of the sputtering mechanisms 

and its detection probability should be as close as possible 
to unity. For this purpose we chose to use the bunch of 
electrons emitted when the incident ion penetrates the 
surface. It should be emphasized that this signal is very 
efficient, since low energy ions, e.g. 10 keV U”‘, lead to 

about 300 electrons [23] and high energy heavy ions can 
cause an ejection of even more than 1000 electrons per 

incident ion [24]. The statistical fluctuations of the electron 
multiplicity (number distribution) are small enough to 

ensure nearly 100% detection efficiency for this prompt 
pulse of emitted electrons. Furthermore, this signal should 
be independent of the specific scattering reactions of the 
incident ion and of the sputtering mechanisms involved. It 

is noted, that this would not be the case if we would use 
backscattered ions or emitted electrons due to ions of low 
charge state. We estimated that the lowest charge state 

where this method can safely be applied is about 5. In this 
work, however, O’+-, Xe2’+-, XeMc- and U6”-ions are 
used. 

Fig. 1 shows a schematic view of the experimental 

setup used for the time-of-flight measurements. It consists 
basically of the target, an annular detector and an electro- 

static field in between. The ion beam was focussed onto 
the target through the center holes of the annular detector 
and the acceleration grid. Thus, the measurements were all 
performed under normal ‘incidence conditions. Negatively 
charged particles are accelerated towards the annular de- 
tector by a negative bias voltage applied to the target and 
the sample holder. A steering electrode (not shown in the 

manipulator annular 
with 

target 
detector 

grid 

--- ion beam 
from EBIT source 

PA MA 

Fig. 1. Scheme of the experimental setup for the single-detector time-of-flight technique, showing the target mounted on a manipuMor, the 
acceleration grid and the annular double-channel-plate detector. PA: preamplifier, MA: main amplifier, CF: constant-fraction discriminator, 
TAC: time-to-amplitude converter. 
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Fig. 2. Pulse-height spectrum of the annular detector for 310 keV 

XeM + + SiO, showing single-particle events from negative recoil 

ions and multiple-electron events induced by the incident ion 

Mid curve). Dotted curve: single-particle events due to an elec- 

tron source. 

figure) avoids focussing of particles into the center hole of 
the annular detector. The detector-entrance voltage of 
- 1.50 V prevents secondary electrons produced at ground 
potential (in the beamline or at the grid) from being 

counted. The detector consists of two channelplates and an 
anode for fast pulse extraction. The rise time of the pulses 
is below 1 ns and this ensures good time resolution in the 
time-of-flight measurements. Before the single-detector 
technique for the measurement of ion time-of-flight spectra 
is explained in detail, the pulse height distribution of the 
annular detector for highly charged incident ions should be 

discussed. 
Fig. 2 displays the pulse-height spectra of the annular 

detector for two different cases. The dotted curve is nearly 
exponentially decreasing and corresponds to single-particle 
events, namely electrons from an electron source. The 
solid curve was taken for Xe”’ ions incident on an 

oxidized Si sample. It corresponds to a superposition of 
single-particle events, in this case negative recoil ions, and 
a nearly flat part due to multiple-electron events induced 
by the incident ion. The pulse heights have been deter- 
mined with a PC-based multichannel-analyzer system by 
using two slow main amplifiers (instead of one fast ampli- 
fier as in Fig. 1) and a linear-gate-and-stretcher in series. 
The mean pulse height of the flat part (extrapolated to 
zero) is about 1.5 times higher than the one associated with 

single-particle events (extrapolated to zero as well). Con- 
sidering the detector efficiency, the grid transparancy and 
the size of the inactive inner region of the channelplates 
we estimate that about 30 electrons per incident ion are 
simultaneously focussed onto the channelplate detector. 
This result for 310 keV Xe44f+ SiO, may be compared 

with data by Kurz et al. (231 who determined an average 

number of 80 ejected electrons per incident ion for 300 

keV Xetif+ Au interactions. It is noted that our value 
corresponds to low-energy ejected electrons only, since for 
the spectra in Fig. 2 we have applied a target-bias voltage 
of only - 300 V. Thus, electrons with energies above 5 eV 
may have perpendicular momentum components large 
enough to escape the detection. This, however, constitutes 

no problem for the ion time-of-flight measurements with a 
setup according to Fig. 1. The multiple-electron pulse even 

yields a fast and very efficient signal (about 95% of the 
ions lead to a high electron pulse) that is used as a start 
signal for our single-detector time-of-flight technique. 

Consequently, this pulse is also used for an accurate 
determination of the number of incident particles. 

Some details of the electronic data acquisition system 

are given in the following. The pulses are extracted from 
the anode voltage via a capacitive coupling and fed into a 
preamplifier. The signal is further amplified using a fast 
main amplifier. The amplifier’s signal output is connected 
to two constant-fraction discriminators of the same type 

with equal settings with respect to the timing. A necessary 
requirement for this experiment is that both discriminators 
need to have a lower as well as an upper level threshold, 
similar as single-channel analyzers. The lower level of one 

discriminator (the left CF in Fig. 1) is adjusted so that only 
high pulses can pass. This level corresponds to about 
channel 80 in Fig. 2. Thus, only if a multiple-electron 
event is detected a standard fast NIM output-signal is 
produced by this discriminator and triggers the time-to-am- 
plitude converter. The stop input-signal of the time-to-am- 
plitude converter comes via a delay box from the other 
constant-fraction discriminator. That discriminator accepts 
only low pulses corresponding to channels 5 to 70 in Fig. 

2. Hence, this second discriminator is mainly sensitive to 
single-particle events as e.g. the detection of negative ions. 
As a result the time-to-amplitude converter is started by 

the fast electrons and stopped by the relatively slow nega- 
tive ions that are both accelerated from the target into the 

same detector. 
The electrons need less than 10 ns to arrive at the 

detector and thus yield a very stable timing signal. The 

expected uncertainty due to the energy distribution of 
ejected electrons is on the order of 1 ns. The ion time-of- 
flight depends on the mass-to-charge ratio, on the accelera- 

tion voltage and on the normal component of the initial 
velocity. Typical ion flight-times are on the order of 1 to 3 
ks. The electronic time resolution was checked by using 
overlapping discriminator settings, e.g. a reduction of the 
lower level threshold of the left discriminator in Fig. 1 
(corresponding to channel 50 or so). The measured line 
width was then below 1 ns. Thus, the time resolution that 
may be achieved using this technique is even good enough 
to obtain information on the initial energy distribution of 

sputtered ions. 
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3. First results and discussion 

Absolute ion time-of-flight spectra, normalized per in- 
cident ion, may be deduced from the measured coincidence 
counts Nc(fi) for each channel of width At according to 

dP/ dr(t,) =N,(tJ/(At e,N,). (1) 

Here, N, is the total number of multiple-electron counts 
and er is the effective overall efficiency for the detection 
of negative ions. The ion detection efficiency and grid 

transparancy are known from previous experiments [25,26] 
yielding cr = 0.55 for low-energy ions ( < 20 eV) and the 
setup used in this work. The effective detection efficiency 
for the multiple-electron pulses E, does not enter Eq. (l), 

since the count rates NC($) as well as N, are proportional 
to this quantity. However, from the spectrum in Fig. 2 one 
can determine a value of E, = 0.93 for Xe44+ projectiles 
and an extraction voltage of 300 V. For higher incident 

charge states and extraction voltages of 2 kV, as used for 
the measurements shown in Fig. 3, we expect E, to exceed 
99%. It is emphasized that high values of E, allow for the 

use of low projectile currents and this goes hand in hand 
with a low background due to random coincidences. 
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Fig. 3 shows time-of-flight spectra for negative sput- 
tered ions induced by 390-keV Xe44+ on SiO,, MO and 
graphite. All spectra were taken with a target-bias voltage 

of - 2 kV and a constant background was subtracted from 
the spectra. The line at channel 70 corresponds to spurious 
coincidences due to differences in the pulse-height analysis 
of both constant-fraction discriminators (see Fig. 1). The 
intensity of this line was strongly dependent on the dis- 
criminator settings. The other lines are due to sputtered 

negative ions and clusters as these lines show up at a 
time-of-flight proportional to the square root of the target- 

bias voltage. It is seen that significant spectral components 
may be assigned to surface contaminations. Hydrogen and 
carbon contaminations have been found for all investigated 
target materials. The width of the hydrogen peaks for the 

three materials is about 10 ns and, hence, much larger than 

Fig. 3. Time-of-flight spectra of negative sputtered ions induced 

by 390 keV Xe”+ on different materials (SiO, , MO and graphite) 

after subtraction of a constant background. 

the experimental time resolution. A closer examination 

shows that these peaks are asymmetric with a sharply 
decreasing tail on the right wing. This indicates, that the 
lines are influenced by the initial ion-velocity distributions. 

Furthermore, negative clusters of the type Si,O,H, and 
C,H, with large values of 2 and n have been detected. 
The largest negative cluster that has been identified in this 

work is C,,H, with an intensity of about 1% of the 
dimer-like carbon clusters. C,H, clusters in the range of 
50 < n < 80 have also been detected, but individual lines 

could not be identified. For the graphite target we find 
enhanced C,H;, C,H;, C,H; and C,H; production in 

Table 1 

Negative carbon-cluster sputtering yields per ion YGc and the corresponding kinetic energies E;, are displayed as a function of the cluster 

size n for 390 keV Xe”+ on a thick graphite sample. The yields represent the sum over the fractions containing different hydrogen 

contaminations and are subject to an uncertainty of about 40% on an absolute intensity scale. Also shown is the relative negative-cluster 

intensity Y”;r for vaporization of graphite at a temperature of 2400 K (taken from Ref. [28]) and the relative sputtering yield Yes for 2.8 

keV Cs projectiles (taken from Ref. [32]). The last two rows give electron affinities A for species of linear-chain type (taken from Ref. [31]) 

and estimated negative-charge-state fractions fxe,cs using the works of Refs. [33-351 

n=l n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=co 

Z, [evl 3.1 2.3 1.6 1.8 _ - - - - 

YG 0.0020 0.0186 0.0022 0.0055 0.0010 0.0025 0.0026 0.00116 0.00033 - 

Yc; a 0.0020 0.0063 0.00042 0.00068 0.00024 0.00034 0.00013 0.00016 - 

Y”&. a 0.0020 7.14 0.0821 0.336 0.0279 0.0186 0.00164 0.0005 - - 

A ]eV] 1.268 3.3 1.95 3.7 2.8 4.1 3.1 4.4 3.7 4.5 

f Xe,Cs 0.003 b 0.08 0.02 0.06 0.04 0.1 0.013 0.1 0.02 - 

a Normalized to YGe = 0.002 at n = 1. 

b Obtained from the negative- and neutral-cluster yields of Ref. (321 (fitted to n = 2 to 4). 
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comparison to a small fraction of C- and CH-. Table 1 

displays the corresponding carbon-cluster yields. The yield 

of clusters with a certain mass does not only depend on the 

production mechanisms (which are not understood in the 
case of highly charged incident projectiles). It also depends 
on the surface structure and on the cluster stability for a 
given geometry, charge state and degree of excitation [21]. 
Thus the electronic cluster structure has to be accounted 

for in the interpretation of the negative cluster yields. In 
the following we discuss different properties and mecha- 

nisms that determine the formation and stability of clus- 

ters. 
A significant decomposition of large (n > 6) sputtered 

clusters with typical decay times on the order of 10 ps was 
observed in previous experiments [27]. Since this time 
scale agrees with our typical cluster flight-times, there 

might be indications of such a cluster decay in the TOF 
spectra. Except for the C,H, and C,H, clusters the right 

wings of the peaks in Fig. 3 do not show any shoulders 
that could correspond to reduced effective acceleration 

distances (decomposition). Furthermore, the relative clus- 
ter intensities for extraction voltages of 2 kV and 500 V, 
corresponding to different acceleration times, do not show 
systematic deviations. Hence, a decay of metastable clus- 

ters seems to play a minor role in our experiments. 
In order to judge about the influence of the electronic 

cluster structure near the ground state on the cluster yield 
one may compare the present data with carbon cluster- 

abundances determined in evaporation experiments [28,29]. 
Results of such experiments [28] are also displayed in 
Table 1. Although the general trend of the evaporation data 
differs significantly from our data, it is evident that there is 
a pronounced odd/even oscillation of the cluster abun- 
dances independent of the production mechanism. Even 

numbers of carbon atoms are favoured, and this behaviour 
is also found for negative clusters containing more than 80 
carbon atoms [29]. It is noted, that the reduced oscillation 

amplitude of our sputtering data is most likely due to an 
increased population of excited cluster states. Molecular- 
orbital calculations on the basis of a linear-combination- 
of-atomic-orbitals model have shown that the neutral-clus- 
ter distribution depends strongly on the temperature [30]. 

Furthermore, clusters with an even number of carbon 
atoms show much greater electron affinities than the odd 

species (see Table 1) [31]. This is due to half-filled bond- 
ing a-orbitals, which can be filled with an extra electron 
[30]. In the case of odd species the extra electron has to 
occupy an empty non-binding orbital. Thus, the odd/even 
oscillations are mainly caused by the oscillating electron 
affinity and reflect the quantum structure of the clusters. 
However, it has to be kept in mind that the graphite 
surface electron-affinity (work function) exceeds the affini- 
ties for all smaller clusters. Hence, the neutral-cluster 
fractions are expected to be much larger than the 
negative-charge fraction determined in this work. 

If we exclude the production and transport of large 

clusters inside the bulk, their formation occurs near or at 

the surface. However, the importance of the different 

possible mechanisms that lead to formation of clusters is 
largely unsolved [21]. As will be discussed in the follow- 
ing, clusters may be formed 

i) in multi-step processes, if the gas is in thermal equilib- 
rium with the solid, 

ii) due to direct production as an entity at the top-most 

layer, or 
iii) via aggregation of atoms in front of the surface. 

i) First of all it is emphasized that a temperature 

concept (thermal spike) seems not to be applicable to 
describe the present sputtering data. The evaporation re- 
sults in Table 1 scaled by the temperature dependence of 
the C, partial pressures [30] gave no satisfactory fits to our 
data, at least not for the tabulated temperatures up to 4000 

K. Thus, the duration times for single sputtering events or 
the spatial extensions are to small to yield thermal equilib- 

rium conditions. This is no surprise, since thermal spikes 
are not expected to be of any importance for light target 

materials such as carbon [ 111. 
ii) Direct production of heavy clusters as a whole 

requires probably a long-range interaction (Coulomb inter- 
action) between projectile and surface. Long-range interac- 
tions can cause a coherent excitation of those surface 

atoms that constitute the cluster. Such a mechanism is 
closely related to electronic desorption. It is, however, also 
conceivable that nuclear sputtering leads to ejection of 

larger compounds, where the mass spectrum is influenced 
by the microscopic surface topography. 

In any case, the energy transfer Q to the cluster has to 
exceed the heat of sublimation E,(n) and the final kinetic 

energy Ekin is limited by 

Q-E,(n)‘E,i,‘Q-E,(n)-‘,(n), (2) 

where E,(n) is the dissociation energy of a cluster of size 
n. Thus, direct cluster production is expected to be deter- 
mined by E,(n) and E,(n) and by a typical range associ- 
ated with the ion-surface interaction. Hence, the relative 
mass distribution (not the total yield) should be nearly 
independent of the incident ion. First-order quantum me- 

chanical perturbation theory for fast projectiles as well as 
adiabatic long-range dipole-excitation processes for slow 
projectiles and all processes that are determined by the 
microscopic surface topography are consistent with the 
above statement. 

Considering that cross sections maximize at small en- 
ergy transfers Q and that clusters with low kinetic energies 
are suppressed due to transmission through the (nearly 
planar) surface potential, we estimate E,,,(n) to be approx- 
imately E,,(n)/2 for n > 1. The mean kinetic energy of 
the monomer should then exceed the energy of all other 
clusters. These statements on the kinetic energy should 
also be valid for the statistical model discussed below. 

iii) Some models assume that clusters are formed in 
front of the surface due to collisions between statistically 
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ejected atoms or small molecules [36,11,21]. If we assume 
a constant sticking probability P, for each of these colli- 
sions, a quantitative analysis of the cluster yields Y(n) is 
possible. This means we neglect the influence of the 

6-dimensional phase-space distribution of sputtered atoms, 
cluster-size effects (constant fusion cross section), as well 
as the influence of the dissociation energy on P,. For a 

large total sputtering yield y one may also neglect fluctua- 
tions of the number of sputtered atoms and the mass 
distribution Y(n) may be written as 

Y(n) = y 
( ) n ps 

(“-‘)(l -PS)(‘-“) with I;= xnY(n). 
n 

(3) 

This formula is similar to a binomial distribution (except 
for the lower boundary n = 1 and a constant factor P;') 
and for realistic parameters it leads to monotonic and 

rapidly decreasing yields as function of the cluster size. 
This trend is consistent with our Xe data as well as with 
the Cs data of Ref. [32], if we account for the influence of 
the electron affinity. The mean cluster size Z may be 

obtained from Eq. (3) by using the fact that the binomial 
distribution is a probability distribution (normalized to 

unity): 

- 

ri=&ij= l_(;:ps)i for i;> 1. (4) 

n 

For small total sputtering yields y we account for fluctua- 

tions on the order of + fi and estimate 

,=,+y for Y;= 1 and PST<< 1. (5) 

For the highly charged Xe projectiles we derive an experi- 
mental value of n = 2.5 _+ 0.5 from Yie and f,. From 
previous works we estimate that in total about 6 carbon 

atoms are sputtered per incident Xe”+ ion [3]. The corre- 
sponding sticking probability calculated using Eq. (4) is 
P, = 0.4, which is a realistic value. Using the same stick- 
ing probability (P, is expected to be nearly independent on 

the projectile ion) and ?,cs = 0.5 [3], Eq. (5) predicts a 
mean cluster size of 1.10 f 0.04 for singly charged Cs 
projectiles at 2.8 keV. From the corresponding experimen- 
tal values [32] we derive Z,, = 1.31 * 0.05. 

The above estimates may serve as a guideline to distin- 
guish between the two cluster-production mechanisms ii) 
(scattering as an entity) and iii) (statistical off-surface 
formation). First of all, the measured kinetic energies in 
the case of Xe projectiles seem to be consistent with both 
models. Furthermore, the mean number of atoms per 
ejected cluster is dependent on the projectile ion. This is 
clearly in contrast to our statements on process ii). Thus, at 
least the Xe”+ data with the larger Ti value should be 
significantly influenced by process iii) and the correspond- 

ing sticking probability seems to be reasonable. By noting 
that ii is per definition larger than one, we find that the 

value that we predict for Cs projectiles on the basis of Eq. 
(5) for process iii) is significantly lower than the corre- 

sponding experimental value. Hence, for Cs there seems to 
be a dominant contribution due to process ii) as stated also 
in the work of Abdullaeva et al. [32]. From Eq. (5) we may 

estimate that the total sputtering yield has to exceed 1.5 for 
process iii) to be dominant. Thus, it is no surprise that 
Abdullaeva et al. did not find any indication for the 
statistical off-surface mechanism iii), since all data have 

been taken for singly charged low-energy ions at energies 
far below the nuclear stopping power maximum. 

Fig. 4 displays experimental mass distributions of 

Si,O,H, compounds sputtered off a quartz surface that is 
grown from a silicon wafer in dry air. The negative-cluster 

fractions are plotted as a function of the projectile charge 
state q for 07+-, Xe”+-, Xe44+- and U6’+-ions at ener- 
gies of about 2.6 keV/amu. The sum over the cluster 
fractions is normalized to one for each incident charge 

state. It is noted, that a surface cleaning was performed 
with a conventional Ar-sputtering gun before each mea- 
surement in order to achieve reproducable surface condi- 
tions (similar hydrogen contaminations). At q = - 1 re- 

sults for desorption by 2-keV electron impact are also 
displayed [16]. In that investigation mass spectra were 
taken only up to M = 50 amu and no information on 
heavier clusters is given. However, a comparison of the 
SiO+ intensity for 2-keV electrons [16] and 2.ZkeV/amu 
Xe3”-ions [20] indicates that heavier clusters play a minor 
role in case of electron impact. 

-<__ 
10 

-21 I II I I 3. I L I I 
0 10 20 30” 40 50 60 70 

Incident Charge State q 

Fig. 4. Negative-cluster fractions Si,O,H; plotted as a function 
of the projectile charge state 4 for 07+-, Xe*‘+-, Xe”+- and 
@‘+-ions at energies of about 2.6 keV/amu. The 2-keV electron 
results are taken from Ref. [16]. 
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From Fig. 4 it is evident that the Si,O,H, cluster 

distribution is charge-state dependent. Any possible projec- 

tile-mass dependence seems to be of minor importance, as 
can be seen from the significant differences between the 
results for Xe2’+- and Xe”‘-ions. We observe that only 

monomers are significantly sputtered for charge states 
below 10. Furthermore, we find that the mean number of 
atoms (0 and Si) in a negative cluster increases to 7i = 3.5 

+ 0.5 for U 67 ‘-ions. According to the above discussion of 
the carbon data this is a clear signature for a statistical 

off-surface production mechanism and the corresponding 

average sticking probabilities are on the order of 0.5. Thus, 
for high charge states the production of Si,O,H, clusters 
appears similar as in the carbon case. But in contrast to the 
carbon data there is no indication for sputtering-as-an-entity 
in the case of low charge states (low sputtering yields). 

4. Summary 

The single-detector technique introduced in this work 

allows for very efficient negative-ion time-of-flight mea- 
surements on an absolute intensity scale in the case of 

highly charged ions and it should be applicable for a broad 
range of incident energies. Measurements of this type may 
also be used for a non-destructive surface analysis, as a 
total of only 10’ ions with “currents” on the order of 
1000 ions per second are sufficient to yield the spectra 
shown in this work. Further improvements of the sensitiv- 

ity are expected if such measurements are performed under 
nearly-grazing-incidence conditions [3]. 

In conclusion, this work has opened some possibilities 

and it has shown future perspectives to investigate basic 
sputtering mechanisms in the case of highly-charged heavy 

ions as well as the formation of clusters at surfaces. The 
investigation of carbon sputtering gave some evidence for 
the sputtering-as-an-entity concept of cluster formation in 

the case of low total sputtering yields [32]. Furthermore, an 
influence of thermal spikes could be excluded for the light 
targets investigated in this work. For large total sputtering 
yields, however, we favour a statistical off-surface 

cluster-production mechanism. For the SiO, target the 
clusters seem to be produced only via such statistical 

processes. 
One challenging task for a better quantitative under- 

standing of the processes involved in sputtering of clusters 

is left open, however. That is the determination of the 
positive, negative and neutral fractions for each cluster 
size, especially for high incident charge states. For U6”- 
ions, e.g., the nuclear stopping power is enhanced by about 
a factor of 3 compared to singly charged U ions, but 
electronic sputtering rates might be enhanced by up to a 
factor 5000. Thus, as soon as electronic processes are 
involved, it is necessary to perform experiments with a 
variety of ions with different incident charge states. 
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